We propose a simple extension of the standard model where neutrinos get naturally small "scotogenic" Dirac masses from an unbroken gauged B − L symmetry, ensuring dark matter stability.
In this letter we consider the alternative case of gauged unbroken B − L as the dark matter stabilisation symmetry.
The promotion of the accidental B − L global symmetry of the standard model to a local one stands out for its simplicity, since the inclusion of three right-handed neutrinos ν iR is enough to make it anomaly free and hence consistent. Clearly B − L preserving models are viable provided the associated Z boson develops an adequate mass.
Here we study a Stueckelberg [24] B − L extension of the standard model with naturally small neutrino masses. These are achieved through the scotogenic approach, while the unbroken B − L symmetry is responsible for both the Dirac nature of the neutrino mass and the stabilisation of a dark matter candidate.
The letter is organized a follow. In Sec. II we describe the theoretical setup, in Sec. III we discuss the scalar sector and in Sec. IV we describe the Stueckelberg mechanism, while in Sec. V we give the mass generation mechanisms in the two alternative realisations of our scenario. Finally, in Sec. VI we briefly comment on the phenomenology and summarize.
II. TWO SCENARIOS
We start from the basic setup provided by the standard model fermion and scalar sectors, as defined in Table I . This has an automatic global "baryon number minus lepton number" symmetry, we call simply U (1) B−L . This symmetry, however, cannot be directly promoted to a local one, as it exhibits non-vanishing
anomalies. Therefore, in order to "gauge" U (1) B−L consistently, we need to extend the standard model field content so as to ensure anomaly cancellation 1 . We suggest two standard model extensions with gauged B − L and dark matter as the mediator of neutrino mass generation.
In Model A, we add a new doublet η and a singlet σ in the scalar sector, both charged under the B −L symmetry. In the fermion sector, three right-handed neutrinos, ν iR , as well as three gauge singlet fermions, S iR , are introduced. The particle content and symmetry properties are given in In both cases, the Z 2 symmetry in Tables II and III prevents the appearance of L iLH ν iR in the Yukawa sector. As a result there are no tree-level neutrino masses. Neverteless, this symmetry is broken in the scalar sector, making it possible for neutrinos to get calculable Dirac masses at the one-loop level.
Notice that the U (1) B−L remains exactly conserved. This implies that the Z 2 group, called matter parity, generated Taking into account the fields and symmetries in Tables II and III , the simplest scalar potential, shared by the two schemes sketched above, can be written as
where the last term breaks the Z 2 symmetry softly, with the mass parameter µ 3 assumed to be real for simplicity.
Assuming that B − L is not broken, it is easy to see that the matter parity of the new scalars is the opposite of that of the standard Higgs doublet H. As a result, M P conservation requires the new scalars η and σ not to acquire any vev, and hence they do not mix with H. Therefore, similar to the standard model case, when the neutral The other scalars are in the M P -odd or "dark sector" and do not acquire a vev. The first component of the scalar doublet η corresponds to a massive charged scalar field, η ± , whose mass is
The spontaneous symmetry breaking through H induces a mixing between the second component of η, η 0 , and the singlet σ, arising from (σ,
Upon diagonalising the mass matrix above, we find two complex neutral scalars in the spectrum 
respectively, where F = 1 for (M 2 ϕ ) 22 /(M 2 ϕ ) 11 > 1 and F = −1 otherwise. It is worth noticing that in Eq. (3), the real and imaginary parts of the scalar fields appear together, that is, real and imaginary parts are degenerate in mass. That means that, if dark matter is scalar, it is described by a complex field, in contrast to conventional scotogenic scenarios [10, 13] in which they are nearly degenerate but not exactly so.
IV. STUECKELBERG MECHANISM
Neglecting kinetic mixing 3 , after electroweak spontaneous symmetry breaking the Z boson associated with U (1) B−L remains unmixed with the standard EW gauge bosons. Its massive nature can be described by the ki-netic Lagrangian [24] 
which is invariant under the U (1) B−L gauge transformations
where A is a scalar Stueckelberg compensator and Z µν = ∂ µ Z ν − ∂ ν Z µ . Upon gauge-fixing, implemented by the R ξ gauge term
the Z boson acquires mass M Z and the auxiliary field A decouples, as
up to a total derivative. Here M Z is a free parameter of the model, unrelated to any vev and disconnected from the neutrino mass generation mechanism.
The relevant Z interactions are
with n = 0 in Model A and n( = 0) ∈ Z in Model B.
There are no gauge-mediated flavour-changing neutral currents and both B − L and M P remain unbroken to all orders in perturbation theory, preserving the Dirac nature of neutrinos.
V. SCOTOGENIC NEUTRINO MASSES
We now give the most general renormalisable Yukawa Lagrangians for our models. According to Tables II and III they can be written, respectively, as follows
where the flavour indices have been omitted.
Due to the conservation of B − L and M P neutrino masses are not generated at the tree level, arising only as a calculable one-loop contribution via the diagrams in Fig. 1 . In both cases the neutrino masses have the same form 
where, for model A, m S k are the eigenvalues of the Majorana mass matrix M M S , while, for model B, m S k are the Dirac mass matrix M D S eigenvalues. In the limit of a small Z 2 soft-breaking term, i.e. µ 3 1, we have that θ 1, then sin(2θ) , with = (µ 3 ) 1, as defined in Eq. (4).
The internal fields in the loop are odd under matter parity, while the others are even. The lightest among the M P -odd fields is stable and, if electrically neutral, can play the role of dark matter. Assuming that the charged component of the scalar doublet η is heavier than the other M P -odd fields, the model can have either a complex neutral scalar or a fermion as dark matter. In the latter case it can either be a Majorana or a Dirac fermion.
VI. COMMENTS ON PHENOMENOLOGY
The class of models suggested here has a broad range of phenomenological implications. Some of these are present in the minimal Stueckelberg B − L extension of the standard model studied in Ref. [33] . For example, the existence of a Z associated to the conserved B − L symmetry implies new gauge couplings of the standard model fermions, as seen in Eq. (10) . Hence its effects should be manifest at high energies, say, in electron-positron or proton-proton collisions. This implies that the ratio of the Z mass and and its corresponding gauge coupling is constrained by collider data. There are limits coming from Tevatron [34] , LEPII and LHC [33] . The most stringent current value is M Z /g ≥ 6.9 TeV at 95% C.L.
Besides the physics of the Z , our proposal harbours scotogenic dark matter [10] , made stable by the conservation of B − L. The scenario differs from the proposal in Ref. [22] in that the dark matter here is elementary, and can be light. Let us first comment on the possibility of dark matter being a scalar candidate. In this case, the lighest among the M P -odd complex scalars ϕ 0 1 and ϕ 0 2 will be stable and can play the role of dark matter. Consistency with direct detection experiments requires the coupling between the complex DM candidate and the Z-boson to be very small. This can be easily achieved here if the mixing between ϕ 0 1 and ϕ 0 2 is very small, and the lightest state is ϕ 0 1 . In this case, the dark matter candidate ϕ 0 1 is mostly the scalar singlet σ, and couples to the Z-boson only through its suppressed mixing with η 0 . Notice that since the mixing angle θ is governed by the Z 2 -soft-breaking parameter µ 3 , it can be made naturally small since its absence is associated with an enhanced symmetry, and hence protected in 't Hooft sense.
The fate of mixed complex dark matter has been analysed in Ref. [35] in a simpler phenomenological setup with no Z boson. In the case where only the Higgs and the Z-boson portals are available, the region of the parameter space compatible with the observed relic abundance and direct detection experiments is, in general, very constrained, unless co-annihilation takes place due to ϕ 0 1 and ϕ 0 2 being almost degenerate. The allowed region is considerably widened in the presence of a Majorana fermion, like S R in our Model A, acting as a new channel for dark matter annihilation.
On the other hand, the dark matter candidate can be one of the neutral fermions, say S 1 , if it is the lightest M p -odd particle. For the case of Model A, the dominant process contributing to the thermal relic density of the Majorana fermion dark matter candidate S 1 is driven by the Yukawa couplings y ν and h in Eq. (11) . This scenario is analogous to the original scotogenic model [10] , where fairly large Yukawas are required to produce the correct dark matter abundance, in potential tension with experimental bounds from Lepton Flavour Violation processes like µ → eγ [36] . For the case of Model B with a Dirac fermion dark matter, there are new processes involved in setting the relic density, mediated by the B − L gauge boson, according to the interactions shown in Eq. (10) . Assuming the Z to be the dominating channel, the correct relic density can be successfully reproduced around the resonance condition M Z ≈ 2M D S1 for any n = 0 in Table III [37] .
In short, we have proposed a simple extension of the standard model where neutrinos get naturally small "scotogenic"
Dirac-type masses from an unbroken gauged B − L symmetry. The associated gauge boson gets mass through the Stueckelberg mechanism. The conservation of B − L and matter parity play a key role in ensuring dark matter stability. Dedicated studies of the resulting phenomenology will be presented elsewhere.
